A reverse-genetics approach has been used to probe the mechanism underlying immune escape for influenza A virus-specific CD8 + T cells, but only the NPM6I and NPM6T mutants altered the topography of a key residue (His155) in the MHC class I binding site. Following infection with the engineered NPM6I and NPM6T influenza viruses, both mutations were associated with a substantial "hole" in the naïve T-cell receptor repertoire, characterized by very limited T-cell receptor diversity and minimal primary responses to the NPM6I and NPM6T epitopes. Surprisingly, following respiratory challenge with a serologically distinct influenza virus carrying the same mutation, preemptive immunization against these escape variants led to the generation of secondary CD8 + T-cell responses that were comparable in magnitude to those found for the WT NP epitope. Consequently, it might be possible to generate broadly protective T-cell immunity against commonly occurring virus escape mutants. If this is generally true for RNA viruses (like HIV, hepatitis C virus, and influenza) that show high mutation rates, priming against predicted mutants before an initial encounter could function to prevent the emergence of escape variants in infected hosts. That process could be a step toward preserving immune control of particularly persistent RNA viruses and may be worth considering for future vaccine strategies.
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+ T-cell responses that were comparable in magnitude to those found for the WT NP epitope. Consequently, it might be possible to generate broadly protective T-cell immunity against commonly occurring virus escape mutants. If this is generally true for RNA viruses (like HIV, hepatitis C virus, and influenza) that show high mutation rates, priming against predicted mutants before an initial encounter could function to prevent the emergence of escape variants in infected hosts. That process could be a step toward preserving immune control of particularly persistent RNA viruses and may be worth considering for future vaccine strategies.
V irus-specific CD8
+ T cells recognize peptide and class I MHC (pMHCI) epitopes derived predominantly from more conserved, internal proteins, offering a promising target for vaccine development. However, some RNA viruses, particularly the influenza A viruses, hepatitis C virus (HCV) and HIV, are a major challenge for preventive immunization as a lowfidelity RNA polymerase allows the rapid emergence of escape mutants. The question asked here is whether it is possible to design an immunization strategy that might minimize the likelihood that such virus variants will escape from immune control and survive.
The influenza A viruses elicit robust and broad CD8 + T-cell immunity (1, 2) that can provide protection against serologically distinct strains, including newly emerged pandemic variants (3, 4) . The experimental evidence is that influenza-specific CD8 + T cells, operating in either a primary response or following recall from memory, promote virus elimination and host recovery via the production of proinflammatory cytokines and the killing of virusinfected cells. At the stage of initial priming, the responding CD8 + cytotoxic T lymphocytes (CTLs) are selected as a consequence of the interaction between their clonotypic T-cell receptor (TCR) and pMHCI epitopes expressed on the surface of infected cells. The key to immunogenicity for CD8 + CTLs rests in both the nature of the TCR repertoire and the sequence, or structural complementarity, of peptides targeted in the MHCI groove (5, 6) .
Influenza virus-specific CD8 + CTLs can exert selective pressure that leads to the emergence of escape mutations in immunogenic peptides (7) . This is a more familiar problem for chronic virus infections (HIV and HCV), with at least some of the variants that persist in the circulation being readily transmissible (8) (9) (10) . Apart from subverting CD8 + T-cell-mediated control within the infected individual, this constitutes a major barrier to effective vaccine design. With influenza, although mutations have been found for >70% of immunogenic T-cell peptides (7), this finding has received little attention because of the acute nature of the disease. Even so, such escape mutants are readily generated using TCR transgenic mice (11) , and "natural" variants occur within the influenza nucleoprotein (NP) 380 (HLA-B8), NP 383 (HLA-B27), and NP 418 (HLA-B35) viral peptides (12) (13) (14) . Furthermore, given sufficient immune pressure and relative fitness, such mutated viruses can become fixed in the population, leading to the disappearance of WT T-cell specificities (15) . For "seasonal" influenza infections, such escape from CD8
+ T-cell-mediated immunity can also be relevant to the persistence of variants within the population (longevity and severity of influenza season). Moreover, in the face of a rapidly spreading, novel pandemic strain, established CD8 + T-cell memory constitutes the best protective mechanism. Clearly, any vaccine strategy that focuses on priming the CTLs needs to deal with emerging escape variants.
The immunogenicity of a given epitope can be compromised in a variety of ways. Amino acid variation at an MHCI anchor residue can lead to the failure of pMHCI binding (12) . Alternatively, changes at a TCR contact site (14, 16, 17) can prevent or decrease T-cell recognition, although cross-reactive T-cell immunity may still be retained between some influenza variants (18) . The present study targets the mechanisms underlying virus escape at TCR contact sites and probes possible compensatory strategies using a readily manipulated C57BL/6J (B6, H2 b ) influenza mouse model (17) . The study focuses principally on escape variants selected in transgenic mice expressing a TCR specific for the immunodominant D b NP 366 (ASNENMETM) epitope that reemerged from day 18 after infection and caused lethal disease within a month (11) . Sequencing viral RNA recovered from the lungs of these TCR transgenic mice (11) established that NP 366 had mutated, especially at position (P) 6, and that the mice were no longer infected with the wt virus. The P6 methionine (M) is the most solvent-exposed residue for the D b NP 366 complex (19, 20) and the change from P6M to P6A leads to loss in recognition by CD8 + T cells specific for the wt-D b NP 366 epitope (17, 20, 21) . The present analysis of the in vivo CTL responses to a panel of P6 mutants indicates that preemptive immunization against the escape variants can generate a good measure of protection.
Results

Primary CD8
+ T-Cell Responses to Engineered D b NP 366 "Escape"
Mutants. We recreated the variants detected by Price et al. (11) with a reverse-genetics strategy (22) to probe the consequences for TCR recognition and polyclonal CD8 + T-cell responses in wt B6 mice. The viruses with a single amino acid substitution at P6 include the original escape variants NPM6I and NPM6T (11) , and new mutants NPM6Y and NPM6W (mutated to "protrude out" from the MHCI peptide binding groove; Fig. S1A + CTLs recovered from both the spleen (Fig. 1A ) and the pneumonic lung ( epitope. Furthermore, in the case of the previously identified NPM6I and NPM6T escape mutants, the responses to the variant peptides were minimal ( Fig. 1 and Fig. S2 ).
More prominent, novel CD8 + T-cell responder sets were, however, generated to a greater (NPM6W) or lesser (NPM6Y) extent following infection with the homologous viruses containing substitutions to these bulky residues (Fig. 1) . In addition, the relative lack of de novo CD8 + T-cell responsiveness for the NPM6I or NPM6T epitopes did not obviously reflect decreased binding to H-2D b (Fig. S1A) . These findings agree with comparable pMHCI affinities for the M6X mutants detected by the RMAS assay (23) .
Generating influenza P6-NP 366 mutants that escape wt D b NP 366 CTL recognition thus leads either to: (i) the recruitment of novel CTL sets directed at the mutated peptides (bulky substitutions, NPM6W and NPM6Y) or (ii) a lack of primary CTLs (escape mutations, NPM6I and NPM6T). Thus, comparative analyses between those two sets of variants were further performed to provide insights into the mechanism of viral escape and possible compensatory strategies to boost CTL responses.
Structural Basis of the NPM6I and NPM6T Escape Mutants. To determine whether topographical constraints within the NPM6I and NPM6T escape variants may provide an explanation for the minimal endogenous primary responses toward the mutated epitopes, the crystal structures were solved for H2D b bound to the variant NPM6I and NPM6T peptides (Figs. 2 and 3, and Table S1 ). The structures of these escape mutants were compared with those of the responsive D (Fig. 2B ), locking its side-chain between H155 and S150 ( Fig. 2F) . Consequently, compared with P6M, the P6W Cα lies ∼1 Å closer to the D b α2-helix. Interestingly, the P6T and P6I mutations did not affect the overall structure of either H2D b or the peptide. However, both the NPM6T (Fig. 2C ) and NPM6I ( Fig.  2D ) escape variants affected the flexibility of H155. Namely, two different conformations of the H155 side-chain are observed for these escape variants, suggesting an increase in flexibility for this MHCI residue.
In the D b NPM6T structure, the P6T hydroxyl group hydrogenbonded to the P7E backbone in addition to contacting A152 (Fig.  2G ). The P6T could not accommodate H155 in the same conformation as found for the wt NP epitope ( Fig. 2E ): this side-chain was thus pushed away from the peptide (Fig. 2G ). In addition, the P6I mutation mainly affected the H155 conformation, but in a different fashion to that for P6T. The P6I mutation increased the flexibility of H155 and we observed two different conformations of H155, buried and exposed. The solvent-exposed conformation of H155 observed in the NPM6I structure is similar to that for the NPM6T escape peptide. Interestingly, the P6I sat on the top of the H155 (second conformation observed), which became buried inside the Ag-binding cleft (Fig. 2H ). This conformation of H155 was further stabilized by its interaction with P7E, the side-chain of which became partly buried relative to the wt complex (Fig. 2H) . The structural changes for H155 and P7E induced by P6I generated a more featureless pMHCI surface. Because residue 155 of MHC is important for TCR-mediated interactions, these alterations can potentially influence TCR binding (24, 25) .
To evaluate the importance of the H155 structural changes for the NPM6I and NPM6T escape variants, we mutated H155 to A and analyzed the impact on pMHCI stability and conformation. Decreased stability was found for both the D b H155ANP 366 and D b -H155ANPM6I epitopes (Fig. 3E) , indicating an important Fig. 2A) , the peptide backbone and side-chain conformations were identical. That p7E did not adopt the same conformation in the NPM6I peptide for the wt versus the H155A mutant MHCI indicates that the conformational change for H155 in the NPM6I complex was responsible for the movement of P7E. Complexes of the WT MHC and mutant A155 with NP 366 were also structurally similar (Fig. 3C) . However, the absence of H155 increased the flexibility of the P6M side-chain to such an extent that it was poorly resolved in the electron density. In addition, the peptide sat deeper inside the cleft and pushed away the α2-helix by 1.2 Å at the hinge region of the helix. The P7E also switched its side-chain toward the α2-helix (Fig. 3C) . Overall, mutating H155 in the H2D b molecule changed the presentation of the peptide and the MHCI structure, leading to decreased stability for the pMHCI complexes (Fig. 3E) . NPM6T complexes. As the magnitude of acute CTL responses can be influenced by the number of specific naïve precursors (26, 27) , this finding would suggest that the naïve CTL pool capable of recognizing these "perturbed" escape variants is also reduced. Analysis using a tetramer enrichment protocol (5, 28) a true reflection of their immune response potential following infection with the homologous influenza viruses (Fig. 4) . 
NPM6I CD8
+ CTLs most likely reflects the low precursor frequency of naive CTLs capable of recognizing this perturbed escape variant (Fig. 4) 
CD8
+ T-cell responses were characterized by a broader pattern of TCRVβ use (Fig. S3B) .
As the CDR3β region can form important contacts with pMHCI, with the extent of variation being a good measure of clonal diversity for any responding CTL population, we analyzed profiles of TCR CDR3β sequence diversity for the D 
+ set, the CDR3β analysis was limited to Vβ elements found at a prevalence of >15% in this response. In contrast, because of its prominence (>60% in two of four mice) and to assess the potential use of wt D b NP 366 + -specific CDR3β sequences, the Vβ8. 3 + (0.63 ± 0.25) CDR3β repertoires. Thus, CDR3β diversity was reduced for the NPM6I response, reflecting the hierarchy of naïve CTL precursor frequencies (Fig. 4) and thus the capacity of this immune repertoire to establish endogenous response.
Preemptive Priming with the Escape Mutants. To determine whether initial exposure to the NPM6X viruses (Fig. 1) , primes for secondary CTL responses, WT B6 mice were primed intraperitoneally, with the PR8-NPM6X (H1N1) viruses, then infected intranasally with the homologous HK-NPM6X (H3N2) virus (Fig. 5) . (Fig. 5) . Strikingly, although the recall response following homologous secondary challenge for D b NPM6T was significantly smaller than those found for the wt D b NP 366 and the other NPM6X variants (Fig. 5B) , the D b NPM6T + CTL set was substantial at the site of infection (Fig. 5C ). Thus, although naïve CTL precursor frequencies were lowest for the D b NPM6T epitope, this did not reflect a total CD8 + T-cell repertoire "hole" because there was a substantial secondary response. Thus, despite the limited, naïve CD8 of (Fig. S4) . When splenocytes were stimulated with homologous peptides (CD8 + T cells primed by wt-HK stimulated with the NP 366 peptide, or CD8 + T cells primed by HK-NPM6I with the NPM6I peptide), the measure of "functional avidity" (threshold for IFN-γ production) was higher for those responding to the homologous versus the heterologous peptide (homologous EC 50 0.47 nM and 0.93 nM respectively, versus 1.69 nM and 1.5 nM). Therefore, the highest avidity responses were to the cognate pMHCI complexes. Overall, these data, together with distinct TCR repertoires for 
+ responses, suggest that that priming against variants of a given pMHCI epitope tends to elicit predominantly CD8 + T-cell responses to that mutant rather than cross-reactive CD8 + T cells. Thus, it might be feasible to prime against commonly occurring mutants and generate broadly protective CD8
+ T-cell immunity against TCR escape variants.
Discussion
The M at P6 in the NP 366 peptide functions as an important TCR contact site (17, 19) . A panel of P6 mutant peptides and variant viruses encoding these specific substitutions were used to investigate both the mechanisms underlying immune evasion and the possibility that such changes lead to novel CTL responses (17) . . Both the central position of the 155 "gate-keeper" residue in the MHCI binding cleft and its involvement in TCR ligation makes it a perfect target for viral escape (25, 31) . The present analysis established that H155 residue is important for pMHCI stability. Any conformational change at H155 affects the structure of the pMHCI epitope, and a single amino acid mutation in the immunodominant NP 366 peptide (from M to I) changed the conformation of this critical residue resulting in viral escape. Such topographical modifications can contribute to reduced primary immune responses, as the TCR is unable to access a key MHC residue required for recognition. Within the D b NPM6I structure, H155 is buried beneath the viral peptide and is, as a consequence, no longer accessible to the TCR. Our morphological findings, together with the emergence of comparable virus variants in TCRtransgenic mice (11) , provide a clear understanding of how structural defects at the level of the pMHCI interaction can promote CTL escape following influenza virus infection. The realization that changes in viral peptides can modify antigenicity in a "cascade" effect that first alters the orientation of the MHCI molecule, then leads to a pMHCI topography that is suboptimal for TCR recognition offers a general explanation for immune escape by a number of viruses. Movement at the 155 residue has also been found for the LCMV escape mutant NP 205 -V3A (32) .
The large secondary response observed following challenge with a serologically different influenza virus incorporating the homologous mutation indicates that, despite what may be a suboptimal pMHCI conformation, the D b NPM6I and D b NPM6T epitopes can be recognized in way that is independent of any "typical" H155 presentation (25) + responses, exposure to these escape variants established memory pools that were amplified by secondary challenge to give CTL numbers comparable to these found for the secondary WT response, especially at the site of infection.
Overall, engineered variants based on potentially lethal mutational changes selected in TCR-transgenic mice established at some level of endogenous, polyclonal CD8
+ T-cell responses in the WT B6 strain. Although the NPM6I and NPM6T CTLs detected following primary infection were minimal, the homologous recall responses were substantial, similar to what happens with HIV variants (33) (34) (35) . Although variation at prominent pMHCI residues may manifest as diminished recognition by existing CD8 + T cells, such mutants can recruit their own TCR repertoires, though with different degrees of effectiveness. Even so, it does seem that exposure to mutant viruses of varying immunogenicity can, despite the number of naïve CTL precursors being very low, establish the conditions for an effective secondary response. This finding suggests that it may be useful to prime against commonly occurring mutants and generate broadly protective CD8
Materials and Methods
Mice and Viral Infection. C57BL/6J (B6, H-2 b ), Balb/C (H-2 d ) and OT-I (H-2 b TCR transgenic specific for OVA 257 ) mice were bred and housed under specific pathogen-free conditions at the Department of Microbiology and Immunology, University of Melbourne. Recombinant influenza viruses with a single amino acid substitution at P6 within the NP 366 peptide, ASNENMETM, were generated using the eight-plasmid reverse genetics system (22) . The substitution was incorporated by site directed mutagenesis using PCR primers encoding NPM6X peptide, ASNENxETM (where x = Y, W, I or T amino acids). For acute influenza responses, mice were lightly anesthetized by inhalation of methoxyflurane and infected intranasally with 1 × 10 4 pfu of HK (H3N2) or one of the modified HK-NPM6X influenza viruses in 30 μL PBS. For recall responses, mice were first primed intraperitoneally with 1.5 × 10 7 pfu of the serologically distinct PR8 (H1N1) or modified PR8 (PR8-NPM6X) influenza A viruses, in 500 μL PBS, and challenged 6 wk later with the HK viruses. All experiments were approved and conducted under guidelines set by the University of Melbourne Animal Ethics Experimentation Committee.
Tissue Sampling and Cell Preparation. Spleen and BAL populations were recovered from mice at acute phases of the primary and secondary infections on days 10 and 8, respectively. For assessment of naïve CTL precursor frequencies, spleens and macroscopic lymph nodes (inguinal, brachial, auxiliary, superficial cervical, and mesenteric) were collected from naïve mice and processed to single-cell suspensions. 
CD8
+ T cells were identified as previously described (5, 26, 28) .
Peptide Stimulation and Intracellular Cytokine Staining. Splenocytes or BAL samples were stimulated with one of NP 366 , NPM6X or PA 224 peptides (AusPep) for 5 h at 37°C, 5% CO 2 in the presence of 1 μg/mL Golgi-Plug (BD Biosciences) and 10 U/mL recombinant human IL-2 (Roche). Cells were washed twice with FACS buffer, stained with CD8-PerCPCy5.5 for 30 min on ice, fixed, permeablized and stained with IFN-γ-FITC mAb (BD Biosciences and Biolegend). In selected experiments, lymphocytes were stimulated with varying concentrations of peptides, threefold dilutions ranging from 300 nM to 0.0008 nM to determine the sensitivity-specific peptides (5). Protein Expression, Crystallization, Structure Determination, and Thermal Stability Assay. The H2D b and β2-microglobulin molecules were produced and the crystal structures were solved (5) (Table S1 ) The D b NPM6X complex crystals were obtained by the hanging-drop vapor diffusion technique at 20°C in 0.1 M Tris·HCl pH 8.5, 0.2 M LiSO 4 , and 25-30% PEG 8000 (wt/vol) ( Table S1 ). The crystals were flash-frozen to a temperature of 100 K before data collection in-house with a Rigaku RU- (Table S1 ). Each pMHC-I complex was assayed in 10 mM Tris·HCl pH 8, 150 mM NaCl, at two concentrations (5 and 10 mM) in duplicate. The thermal melt point (Tm), represents the temperature (°C) for which 50% of the protein was unfolded (5).
Isolation of Single CD8
